Abstract The goals of pelvic tumor treatment are first, to obtain clear margins and prevent tumor recurrence, and second, to preserve limb function whenever possible. Treatment of tumors around the pelvis remains a difficult problem. Challenges include both tumor resection and pelvic reconstruction. We have made significant advances in both treatment and reconstructive efforts over the last decade with advances in imaging techniques and prosthetic design. Nevertheless, reconstruction after pelvic tumor resection must be individualized for each patient. One must consider age, functional status, and the extent of the tumor before deciding on the best reconstruction option. The aim of this paper is to outline the available reconstructive techniques and to discuss our current preferred strategy for reconstruction of the pelvis after tumor resection.
Introduction
Pelvic limb tumors pose significant challenges for both patients and surgeons. Patients require an accurate diagnosis, treatment (and resection) plan, and execution, and when possible, reconstruction. Often the margin is narrow in critical areas (viscera and vessels), making local recurrence a major concern [1] . Prior to the advent of chemotherapy, patients often succumbed to their disease with very low 5-year survival rates. With modern imaging and treatment protocols, the prognosis for patients presenting with non-metastatic disease has improved and justifies aggressive surgical resections of pelvic malignancies. It has been well-established that properly selected patients who undergo limb-salvage procedures have better ambulatory and overall functional capacity than those who undergo external hemipelvectomy [2] .
When deciding between an internal (i.e., limb salvage) and external hemipelvectomy, the surgeon must consider three critical structures: the lumbosacral plexus, the femoral neurovascular bundle, and the hip joint. It is generally accepted that in order to salvage the limb, the surgical team must be able to preserve two of these three structures. As such, a team approach is critical for success. It is important to involve spine, vascular, hip reconstructive, plastic, colorectal, and tumor surgeons for each case as needed. The goals of surgery should be to obtain clear margins and preserve limb function whenever possible.
The Enneking-Dunn classification for internal hemipelvectomies is based on the region of the innominate bone that is resected [3] . Type I resections involve the ilium, Type II resections include the periacetabular region, and Type III resections involve the ischiopubic region. Resections can be partial, complete, or extended. Extended Type I resections include en bloc resection of the sacral ala and are often referred to as Type IV resections. Compound resections involve concurrent resection of visceral structures. When visceral structures (such as bowel and bladder) are resected, we assume these wounds are inherently contaminated and that these patients are not candidates for immediate reconstruction.
When there is loss of bony continuity between the femur and the ipsilateral sacrum, the pelvic resection is considered unstable. Reconstruction should be considered in this setting as it has been demonstrated that function of the extremity is best when pelvic continuity is restored [4, 5 • ]. Conversely, if continuity between the femur and ipsilateral sacrum are maintained (as in partial Type I and complete Type III resections), generally no reconstruction is necessary.
Pelvic Limb Salvage

Type I: Iliosacral Resections
Iliosacral resections typically leave a defect from the sacroiliac (SI) joint to the level of the ilium just above the acetabulum. With regard to the necessity of reconstruction, the critical factor is the continuity of the SI joint. If any of the SI joint remains in continuity after resection, most surgeons agree that no pelvic reconstruction is usually necessary. Excellent functional results can be expected in this setting [6] . On the other hand, if there has been disruption of the SI joint, treatment options for these patients remains controversial. Our experience with leaving these patients flail has been that they have pelvic instability, major gait abnormalities, limb shortening, and continued pain. Nevertheless, others have had success with leaving these patients flail [6, 7] . If reconstruction is chosen, pelvic stability can be re-established with the use of strut grafting or iliosacral fusion based on the distance between the remaining ilium and sacrum (Figs. 1, 2 ).
Type III: Ischiopubic Resections
Even complete Type III resections maintain continuity between the femur and ipsilateral sacrum. Therefore, no reconstruction is typically necessary and excellent functional outcomes are possible.
Type II: Periacetabular Resections Periacetabular pelvic resections provide the surgeon with numerous reconstructive options that can be tailored based on individual patient attributes and functional requirements. The defects left after these resections can be some of the most challenging reconstructions, as often attempts are made not only at re-establishing continuity of the femur and sacrum, but also in creating a new articulation to preserve hip motion. Of the reconstruction options that have been described, each has its own set of advantages and limitations. Fig. 1 A 36-year-old patient who had an iliosacral resection for chondrosarcoma. The pelvis was not reconstructed and after 4 years, this patient had continued pain, an unstable pelvis, and a severe limp Fig. 2 Example of an iliosacral resection that was carried out on a 21-year-old male for an Ewing's sarcoma. The pelvis was reconstructed with a vascularized free fibula. This patient went on to heal without complication, has no pain, and walks without a significant limp Arthrodesis/Pseudoarthrodesis
Iliofemoral and Ischiofemoral Arthrodesis
Fusion of the proximal femur to the remaining ilium can provide extremely durable results with a very reasonable functional outcome. Historically, this has been the reconstructive option of choice in young, active patients because of its durability (Fig. 3) . Difficulties with union have been reported and, though the reported results with pseudoarthroses are not quite as good as patients with solid arthrodeses, the results are still quite favorable [8] . Still, the technique does have its limitations. Specifically, iliofemoral arthrodesis often causes limb shortening and can contribute to an impaired gait. Intercalary allografts can be added to address the problem of shortening, but this introduces another junction that can fail to unite, causing pseudoarthrosis. Ischiofemoral arthrodesis addresses the problem of limb shortening, but may contribute to a painful symphysis and has been shown to have a higher rate of non-union. Both ischiofemoral and iliofemoral arthrodesis provide good outcomes and can be used depending on the level of pelvic resection [8, 9] .
Iliofemoral Pseudoarthrosis
Occasionally, a patient is best served by leaving the pelvic resection flail (i.e., a pseudoarthrosis), without attempt at reconstruction or arthrodesis. Pseudoarthroses are quite durable and can often provide a painless articulation with reasonable function. The benefits of the pseudoarthrosis are that it is technically less demanding and has a lower complication rate than iliofemoral or ischiofemoral arthrodesis. This can be critical in the oncologic care of patients who may need a rapid, predictable resumption of chemotherapy post-operatively. Nevertheless, pseudoarthroses are typically not as functional as a solid arthrodesis. We tend to reserve these procedures mostly for more sedentary patients that are functionally less demanding.
Arthroplasty
Reconstruction of the pelvis with the use of endoprostheses has historically included the use of a saddle prosthesis, a custom prosthesis, or a massive pelvic allograft used in combination with total hip arthroplasty (THA). In recent years, however, we have expanded the arthroplasty reconstructive options with the use of highly-porous metal (i.e., tantalum). Acute reconstruction of the pelvis with tantalum components has become our treatment of choice in many patients.
Saddle Prosthesis
The saddle prosthesis (Fig. 4) has long been used in the setting of periacetabular resections [10, 11] . It is technically less demanding, expedient, and provides reasonable stability while preserving leg length. Its limitations include its non-anatomic, high hip center, high rates of component migration (Fig. 5) , fracture of the remaining ilium (Fig. 6) , instability, and infection [12] . Cottias and colleagues [13] Fig. 3 An example of an iliofemoral arthrodesis. This patient was followed for 20 years with a good result, despite significant shortening and an impaired gait reported their results with the use of the saddle prosthesis and found extraordinarily high complication rates with modest functional results.
Massive Pelvic Allograft, THA, and Custom Prostheses
Massive pelvic allografts have also been used in combination with THA with modest success [14, 15] . With this concept, an allograft pelvis is obtained and ultimately contoured to fit the defect left by the periacetabular resection. After appropriate contouring, the allograft is fixed to the remaining pelvis and an acetabular component is inserted into the allograft bone. This has the benefit of providing better functional results and preserving limb length. Nevertheless, there is no potential for ingrowth of the acetabular component into the allograft bone, thus limiting durability. Moreover, the clinical results of massive pelvic allografts in this setting have been met with only modest results along with very high rates of wound complications, infections, and need for revision. The high rate of complications using this technique has tempered our optimism and limited its use in our practice.
Another reconstructive option comes in the form of the pedestal cup. With this implant, the long, modular pedestal allows the surgeon to place the articulating portion of the acetabular implant in a more anatomical position in the setting of massive pelvic bone loss. The use of the pedestal cup has been used with some success relative to traditional saddle prostheses [16] . This technique has been used in the case of massive acetabular defects in the revision THA setting and appropriately applied to periacetabular tumor resections. The major drawbacks of this technique include risk of dislocation and aseptic loosening associated with its use.
With the precision of MRI and CT imaging, some have advocated the use of custom tumor prostheses that can be constructed pre-operatively and implanted at the time of tumor resection [17] . The benefits of this technique include the ability to design and tailor an implant based on the exact level of resection and the anticipated bone stock that will remain. Still, these implants can be difficult to modify at the time of surgery and despite best attempts at preoperatively planning, the execution of the resection does not always perfectly follow the preoperative plan. Thus, the defect the surgeon is left with at the time of surgery may be different than what was anticipated for the custom prosthesis. The advent of computer navigation has provided the surgeon with an intraoperative tool to combat imprecision and allow for more accurate resection and reconstruction. This technology allows the surgeon to navigate areas in the pelvis where the tumor may be in close proximity to important anatomic structures. Navigation also plays a role in the reconstruction of the pelvis in that limb length and component positioning can be accurately assessed when normal anatomic landmarks may be missing due to tumor resection.
THA and Tantalum Reconstruction
A recent development in the field of pelvic tumor reconstruction has been with immediate reconstruction of the hip using highly-porous metals following oncologic resection of periacetabular tumors [18 •• ] . The advent of highly-porous (Fig. 7 ) has provided surgeons with an opportunity to achieve ingrowth of components into relatively small areas of native host bone. Tantalum provides a three-dimensional structure that is very similar to bone and has 70-85 % porosity [19] , providing a high-friction interface and excellent ingrowth capabilities.
Success with highly-porous tantalum components has been well-established in previously irradiated bone [20] and in non-oncologic reconstructions with massive acetabular/pelvic bone loss [19, [21] [22] [23] . We have expanded and adapted its use to highly functioning patients with periacetabular tumors. This technique has become our treatment of choice in select patients where adequate tumor margins can be achieved while still preserving enough ilium to allow initial stability of the implants and promote bony ingrowth of a tantalum acetabular component (with the addition of tantalum acetabular augments as needed). Our early experience with these acute reconstructions has shown excellent functional potential and similar rates of infection and dislocation to alternative procedures. We feel the ingrowth capability of tantalum has the potential to allow for a more durable prosthesis (than its alternatives) that is less likely to loosen over the course of a patient's lifetime. Nevertheless, further study and longer follow-up is necessary to validate this potential benefit of tantalum reconstruction after tumor resection.
After tumor resection, the reconstruction strategies associated with tantalum reconstruction are not dissimilar to any major reconstruction in the revision arthroplasty setting with major periacetabular bone loss. The surgeon must carefully assess the defect after the resection, achieve mechanical support of the construct with native host bone, maximize the surface contact area of the cup (and augments) with host bone, and restore normal anatomic relationships if possible. Although the boundaries for what constitutes an acceptable amount of host bone to allow ingrowth of the components have not yet been defined in the oncologic setting, we have found that a stable reconstruction is possible with minimal native bone.
Technique
Careful preoperative templating must be carried out to map out the predicted areas of resection and plan the appropriate reconstruction. Even with meticulous preoperative preparation, the reconstructive hip surgeon must be prepared for variations in the remaining bone stock at the time of surgery. Once the resection has been performed, a cavity should be prepared with reamers to accept an acetabular component. We prefer the use of a jumbo acetabular component to fill the defect. Typically, the surgeon has more bone in the anteroposterior (AP) plane than in the medial to lateral plane. After the acetabular cavity has been prepared, the surgeon should assess the defects surrounding the cavity, as there are often areas of deficiency that require the use of tantalum augments for support of the cup. This is best done by inserting a trial acetabular component and trialing different augments around the trial acetabular component. There are infinite iterations of the augments that can be used, but it is important to conceptualize the possibilities before insertion of the real acetabular component. Once the surgeon has a general sense of the defects involved and the possible augments that will be needed, the real acetabular component can be inserted. We use multiple screws (as many as the host bone will allow) through the acetabular component and augments to provide initial stability and maximize potential for bony ingrowth [24] (Figs 8, 9, 10 ). Often, it is necessary to use a helicoidal burr to make additional holes in the acetabular component to allow additional screws to be placed. Once the real acetabular component has been secured to the host bone, the augments that will best assist in providing initial stability of the acetabular component are placed using a small amount of bone cement between the augments and acetabular component to provide some additional fixation. The augments are then secured to host bone using screw fixation.
Often, the femur can be prepared in traditional fashion and the femoral component can be implanted into the femur based upon surgeon preference. Nevertheless, the surgeon must be aware of the fact that often a significant limb length discrepancy exists due to the new, higher hip center. Reconstruction of the femur with modular fluted tapered stems or tumor prostheses provide excellent options to address any discrepancy in leg length that may not be achieved with traditional prostheses. After insertion of the femoral component, a trial reduction should be carried out to ensure adequate stability of the hip. The advent of the dual-articulation acetabular cup system (or dual-mobility) has provided surgeons with another intraoperative option to maximize stability in this difficult patient population. Specifically, the dual-mobility construct allows for an increased head-neck ratio, theoretically reducing the risk of hip instability [25] . It has been our general practice to use the dual-articulation acetabular cup system at the time of the index arthroplasty to maximize stability without compromising bony ingrowth into the tantalum components with the use of a constrained liner. Occasionally, we also implement the use of synthetic mesh around the prosthesis to restore the capsule and enhance hip stability.
Conclusions
Treatment of pelvic tumors is a technically challenging problem that requires careful preoperative planning and execution. Of paramount importance for surgical success is obtaining an adequate surgical margin. With advanced imaging and tumor resection templating, preservation of the limb and reconstruction to restore function is often possible. It is well-accepted that limb preservation (internal hemipelvectomy) is superior to amputation from both a functional and cosmetic perspective. Reconstruction of the pelvis after periacetabular tumor resection using highlyporous metals has become our treatment of choice for many patients, though appropriate resection and reconstruction must be individualized for each patient.
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